D-Glucose catabolism was examined in rat pancreatic islets and tumoral insulin-producing cells (RINm5F line) exposed to D-[5-3H]glucose, D-[3,4-14C]glucose or D-[6-14C]glucose. In normal islets, a rise in D-glucose concentration from 2.8 to 16.7 mm augmented (i) the transfer of NADH, presumably via the glycerol phosphate shuttle, into the mitochondria, (ii) the decarboxylation ofpyruvate and (iii) the oxidation of acetyl residues, even when the flow rates were expressed relative to the total rate of D-glucose utilization. Islet cells are thus organized to favour those mitochondrial oxidative events yielding the major fraction of the energy derived from the catabolism of D-glucose. In tumoral islet cells of the RINmSF line, all three oxidative mitochondrial processes, when expressed relative to the overall rate of D-glucose utilization, occurred at a low rate and failed to increase in response to the rise in D-glucose concentration. These findings emphasize the importance of distal regulatory processes in the control of D-glucose catabolism in normal islet cells, and document the perturbation of such processes in a model of dysfunction for this fuel-sensor organ.
INTRODUCTION
The catabolism of D-glucose in the f-cell represents a critical factor in the control of insulin secretion [1] [2] [3] . However, despite numerous publications (for reviews, see [4] [5] [6] ), fundamental information is still lacking about several aspects of D-glucose catabolism in the endocrine pancreas. First, the flow rate through the glycerol phosphate shuttle remains to be defined. Second, the net generation of pyruvate and lactate from exogenous D-glucose was never directly assessed. Only the glucoseinduced increment in unlabelled pyruvate and lactate production above the corresponding basal value was so far measured [7] [8] [9] . Since D-glucose interferes with the catabolism of endogenous amino acids [10, 11] , which represents the major source of pyruvate and lactate in islets deprived of exogenous nutrient [11] [12] [13] , the glucose-induced increment in unlabelled pyruvate and lactate production does not necessarily correspond to the true rate of conversion of exogenous D-glucose into these organic acids. Third, no information is available on the rate of conversion of pyruvate, derived from exogenous D-glucose, into alanine. Last, the respective contribution of pyruvate decarboxylation and acetyl-CoA oxidation to the overall mitochondrial generation of 14CO2 from 14C-labelled glucose remains to be evaluated. The present study provides this so-far-missing information for both normal pancreatic islets and tumoral insulinproducing cells, the latter being taken as a model of islet cell dysfunction. (15.7 Ci/mmol), D-[3,4-14C]glucose (10.3 mCi/mmol) and D- [6-14C] glucose (57 mCi/mmol) were all purchased from New England Nuclear (Boston, MA, U.S.A.). They were used at final concentrations Groups of 30 islets prepared by collagenase digestion [14] of pancreases removed from fed albino rats, and groups of 90 x 103 RINm5F cells cultured, harvested and counted as described elsewhere [15] , were incubated for 120 min at 37°C in 30 ,ul of bicarbonate-buffered media [14] containing bovine albumin (5 mg/ml) and either 2.8 mm-or 16.7 mM-D-glucose mixed with a tracer amount of labelled hexose.
MATERIALS AND METHODS

D-[5-3H]Glucose
The methods used to measure the production of 3H20 [16, 17] and 14CO2 [18] by the islet cells were described previously.
For the measurement of [14C]lactate production from D- [3,4-14C] glucose, the incubation medium containing the islets or cells was mixed with 30 ,l of HC104 (5%, v/v), frozen in liquid N2, homogenized by mechanical vibration [8] [6-14C] glucose, the incubation medium was first mixed with 0.1 ml of citrate/NaOH buffer (pH 4.9, 400 mM) and further incubated for 60 min at 20°C to measure 14C02 production [18] . The samples were then frozen and the cells disrupted by mechanical vibration [7] . The homogenate was neutralized by addition of 40 ,ul of NaOH (0.95 M). Each of three samples (40 c1 each)
were then mixed with 60 #1 of Tris/HCl buffer (pH 8.1, 100 mM) containing either 2-oxoglutarate and L-glutamate (final concn. 12.0 mM; sample A), or 2-oxoglutarate and pig heart glutamate: pyruvate transaminase (EC 2.6.1.2; final concn. 50 #sg/ml; Boehringer; sample B) or L-glutamate and glutamate: pyruvate transaminase (same concentrations as above; sample C). After 60 min incubation at 20°C, the reaction was halted by addition of 1.5 ml of iced water, and the amino acids were separated by passing the sample through ion-exchange resin (Dowex 50, H+ form), as previously described [13] . The paired difference between 14C-labelled amino acids recovered in samples A and B respectively was taken as the amount of [14C]alanine and/or [14C]glutamate present in the medium. The paired difference between 14C-labelled amino acids recovered in samples C and A respectively was taken as the amount of [14C]pyruvate present in the medium. When media first incubated in the absence of islet cells were treated in the same manner, no significant production of either [14Cjpyruvate or 14C_ labelled amino acid was observed. No correction for recovery was introduced, since, in this system, the interconversion of relevant amino acids and their corresponding 2-oxo acids is virtually complete [13] . The readings obtained with samples B were also used to estimate the production of "4C-labelled amino acids other than [14C]alanine and ['4C]glutamate, such a production being judged from the difference between data obtained in media incubated in the presence or the absence, respectively, of islets (or RINm5F cells).
The results obtained in either islets or RINm5F cells were derived from experiments in which at least two and up to six distinct primary metabolic variables were measured in either the same group of islets or cells or in distinct groups of islets or cells-all derived from the same initial preparation. All results are expressed as means (± S.E.M) together with the number of individual observations (n). The S.E.M. for either the sum of or the ratio between mean values was calculated as described elsewhere [13, 19] . The statistical significance of differences between mean values was assessed by Student's t test.
RESULTS
Normal pancreatic islets or RINm5F cells were incubated for 120 min at 37°C in the presence of 2. Table 1 . The results of several calculations based. on these primary data are given, in Table 2 .
In either islets or RINm5F cells, the rate of D- [5-3H] glucose conversion into 3H20 increased (P < 0.00 1) as the concentration of the hexose was raised from 2.8 to 16.7 mm. The relative magnitude of such an increment was much greater (P < 0.001) in islets than in tumoral cells, the 16.7 mM-/2.8 mM-glucose ratio of 3H20 production averaging respectively 2.82 + 0.30 (islets) and 1.22 + 0.04 (RINm5F cells).
The rate of D-[3,4-14C]glucose utilization, taken as the (18) 3.5 +0.5 (12) 3.0 +0.4 (12) 22.4+ 1.0 (24) 11.8± 1.0 (20) 3.6+0.3 (16) 2.4±0.4 (12) 4.1±0.4 (12) 1987 The data so far presented provide no information on the production of 14C-labelled amino acids other than ['4C]alanine and [14C]glutamate. The production of these other "4C-labelled amino acids could be judged, however, from the difference between the control (no islet cells present) and experimental values for the elution of 14C-labelled amino acids after treatment of the islet-cell extract by glutamate: pyruvate transaminase in the presence of exogenous 2-oxoglutarate. As shown in Table 3 (Table 3 ).
In Table 3 , the difference between the results obtained 1987 Thus the islet cells are apparently well organized to favour, in response to a rise in extracellular D-glucose concentration, those mitochondrial oxidative reactions yielding the major fraction of the total energy generated by the catabolism of this hexose, this coinciding with a marked increase in respiration [22] .
Second, our data allow estimation of the flow in the glycerol phosphate shuttle. The activity of the mitochondrial flavin-linked and cytosolic NAD-linked glycerol-3-phosphate dehydrogenases was previously measured in rat islets [23] , but the flow rate through the shuttle remained to be assessed. The present data indicate that a rise in D-glucose concentration from 2.8 to 16.7 mm increased 4-5-fold the circulation through the glycerol phosphate shuttle. Even when expressed relative to the rate of D- [3,4-14C] glucose utilization, such a circulation remained faster at high than at low glucose concentration, increasing from 28 to 40% . Such a change will favour the generation ofATP relative to glycolytic flux. Incidentally, we have here equated the flow through the glycerol phosphate shuttle to the fraction of D-[3,4-14C]glucose utilization not accounted for by the production of [14C]lactate, assuming that the cytosolic reoxidation of NADH, generated in the glycolytic pathway, is coupled to either the conversion of pyruvate into lactate or the operation of the glycerol phosphate shuttle. It could be objected that there exist other possible modalities for the reoxidation of cytosolic NADH, e.g. the operation of the malate-aspartate shuttle. This alternative possibility is unlikely to be operative, however, in the islet cells. Indeed, in previous studies dealing with the effect of amino-oxyacetate on the oxidation of nutrient secretagogues, cytosolic redox state, cationic fluxes and insulin release in isolated islets [24, 25] , we were led to propose that, in glucose-stimulated islets, the malate-aspartate shuttle may transport electrons from intramitochondrial NADH to the cytosol, rather than in the opposite direction. This proposal remains, however, to be unambiguously documented [26] .
Lastly, the present data reveal that the rate of decarboxylation of pyruvate, derived from exogenous D-glucose, represents about twice the rate of oxidation of the resulting acetyl residues. A comparable situation had been previously documented in islets exposed to exogenous [1-14C] [3-14C] pyruvate [27] . It indicates that a significant fraction of the acetyl-CoA derived from exogenous D-glucose escapes full oxidation. This was accounted for, to a large extent, by the incorporation of the C atoms of D-glucose into amino acids other than alanine, e.g. glutamate and aspartate. The remaining fraction of unoxidized 14C-labelled acetyl residues was probably used as a substrate for lipogenesis [27] .
When compared with these results obtained in normal pancreatic islets, the situation in the tumoral insulinproducing cells was characterized by several and severe anomalies. First, in fair agreement with previous observations [28] [29] [30] , the increase in metabolic flux resulting from the rise in D-glucose concentration was much less in tumoral than in normal islet cells. The oxidation of D-[6-14C]glucose was even lower at 16.7 mMthan at 2.8 mM-D-glucose, as also observed in an independent series of experiments [31] . This coincides with the fact that°2 uptake by RINm5F cells is not higher at 16.7 mm-than at 2.8 mM-D-glucose [32] . Second, relative to the total rate of D- [3,4- [30] .
In conclusion, the present data reveal that in normal, but not in tumoral, islet cells a rise in extracellular D-glucose concentration not only increases the total rate of hexose utilization but, relative to total utilization, also favours mitochondrial oxidative processes. This illustrates the participation of regulatory mechanisms, distal to hexose phosphorylation, in the control of D-glucose catabolism in normal islet cells and the perturbation of such mechanisms in a model of f-cell dysfunction.
